bits extending over hundreds of superlattice periods, reversals of the cyclotron revolution for successive minibands, and breakdown of cyclotron motion near van Hove singularities. At high temperatures, we study the suppression of electron focusing by inelastic scattering.
In solids, the quantum nature of electrons generates band structure which controls conduction and optical properties. Similarly, longer-period superlattices in solids possess minibands that disperse at a finer energy scale over a reduced Brillouin zone, enabling phenomena such as negative differential conductance and Bloch oscillations (1) (2) (3) . Two-dimensional (2D) electron systems could be a promising platform on which to tailor superlattice minibands. Yet fabricating long-range periodic patterns that strongly modulate the potential to form well-separated minibands without undermining the material quality and electron coherence remains challenging.
Most experiments on laterally patterned semiconductor heterostructures have revealed classical commensurability effects (5, 6, 17) which do not require phase coherence, and only subtle features have been attributed to miniband formation (7) .
The arrival of high-quality graphene/h-BN van der Waals heterostructures with misalignment angle below 1
• (8, 9) has drastically changed the situation. In such systems, the periodic potential for electrons in graphene is imposed by the hexagonal moiré pattern generated (18) (19) (20) by the incommensurability and misalignment between the two crystals. Formation of minibands for Dirac electrons has been demonstrated by magnetotransport (11) (12) (13) , as well as scanning tunneling (10) , capacitance (14) , and optical (15) spectroscopies. The connection between the miniband dispersion ε( k) and transport properties is established by the equations of motion for an electron in an out-of-plane magnetic field B = Bẑ,
where the relation between carrier velocity v and momentum k is approximately v = v k/k 2 (v ≈ 10 6 m/s), close to the Dirac point of graphene's spectrum (14, 18, 19) .
The shape of the cyclotron orbit in a 2D metal is a 90
• rotation of the shape of the Fermi surface, and the carrier revolves along it clockwise or counterclockwise. Electron trajectories near the boundary of a metal open into skipping orbits (21) which drift in the direction determined by the effective charge of the carrier. These skipping orbits bunch along caustics (22) (23) (24) , leading to the transverse electron focusing (TEF) effect (16) . Experimentally, TEF takes place when the magnetic field is tuned such that caustics of skipping orbits, emanating from an emitter E, end up at a collector C, located at position x = L along the boundary. Then a voltage V C is induced at C, proportional to the current I E injected into E. (for j = 1, 2,...). An equidistant series of peaks (oscillations) appears in the focusing "spectrum"-the non-local magnetoresistance (Fig. 1C) , from which the Fermi momentum k F and the sign of effective charge ±e may be inferred. TEF was initially used to study the Fermi surfaces of bulk metals (16, 25) , and was later extended to 2D systems (22) , including graphene (26).
Here we report the observation of TEF in a moiré superlattice at the interface between graphene and h-BN in a van der Waals heterostructure (from top to bottom) h-BN/graphene/h-BN/bilayer graphene assembled on an SiO 2 substrate. One of the h-BN layers (we do not know which) is aligned with graphene to better than 1
•
, forming a moiré pattern with a 14 nm period. We use the bilayer graphene as an electrostatic gate, tuning electron density in the superlattice by applying voltage V g to it. The device, depicted in Fig. 1A , has three etched local contacts along the linear sample boundary. Two other ohmic contacts are grounded and act as absorbers. We measure the multi-terminal, non-local resistance (V M −V R )/I L at our base temperature T = T base = 1.55 K. Figure 2B is the resulting map of (V M −V R )/I L as a function of B and V g , exhibiting electron focusing spectra and their evolution as a function of electron M and R. Arrows depict skipping orbits a hole would take if injected at normal incidence with
Simulated ensemble of skipping orbits emanating from an emitter (red star). Electron trajectories bunch along caustics (red dashed curves) and focus onto an equidistant array of points at the boundary. Scale markers show the cyclotron diameter At higher densities of about four electrons (or holes) per moiré unit cell, the Fermi level is near the first minibands' outer edges, and TEF spectra reflect the modification of electronic states by the superlattice potential. A candidate miniband structure from the model family proposed in (20) is rendered in Fig. 2A , where we label relevant minibands. In addition to TEF of electrons in C1 and holes in V1, we detect focusing of holes in C2 and electrons in V2 and C3. Carrier dynamics in the form of skipping orbits and caustics are represented using ensembles of simulated electron trajectories in Fig. 3 . The map of measured TEF spectra, can be directly compared to miniband models. We tested the observed ratios is similar to previous estimates by optical spectroscopy (15) . We furthermore set an upper limit, | − | < 3 meV, on the antisymmetric potential, whose absence had previously simply been assumed (15) .
We can learn more about carrier dynamics, in particular the effect of their scattering, by examining the temperature dependence of TEF oscillations (25) . Throughout the probed temperatures and densities, the suppression of TEF upon heating (see Fig. 4A ) is faster than what could be expected from merely thermal broadening of injected electron momenta, as |k−k F | ∼
For quantitative analysis, we determine the area A 1 under the first (j = 1) focusing peak and interpret the ratio A 1 (T ) /A 1 (T base ) as the fraction of electrons ∼ e −πL/2v F τ that propagated ballistically from the emitter to the collector, along the semicircle of a cyclotron trajectory of length that touches the caustic near the collector, despite the electrons scattering with a characteristic time constant τ . In Fig. 4B , we show the temperature dependence of this effective scattering time, extracted from the data using the formula
. The experimentally
points toward an electron-electron (e-e) scattering mechanism for the suppression of TEF oscillations upon heating, the same mechanism associated with the evolution of electronic transport from ballistic to the viscous regime (29) (30) (31) . Theoretical analysis of spreading of a narrow beam of electrons due to the low-angle electron-electron scattering processes, performed in Supplementary Materials using Thomas-Fermi-screened e-e interaction, shows that for T T * (where
), the decay of TEF signal can be described by
where w is the width of the emitting and collecting contacts. The theoretically calculated values of scattering times are shown in Fig. 4B , including the theoretically predicted crossover to a slower scattering rate for T > T * (Supplementary Materials). As these calculations with no free parameters match the experimentally found values, it is tempting to conclude that e-e scattering is the dominant mechanism for suppression of TEF. Electron-phonon scattering, however, may also play a role (32) . Characterization of the phonon spectrum and electron-phonon coupling is required to quantify that effect ( Figs. S1 to S5
References

Materials and Methods
All measurements were performed in the helium vapor space of a flow cryostat with a superconducting magnet. TEF spectra were measured by a lock-in amplifier, sourcing a small 263 Hz, 50 nA rms alternating current into the emitter contact, which ensured that the voltage drop at the contact was always less than k B T /e.
Sample Fabrication
The two-dimensional system we investigated was a heterostructure of monolayer graphene en- Sylgard 184), as described in (36) . The assembled heterostructure was deposited on a chip of oxidized (300 nm oxide), degenerately doped silicon. We did not intentionally orient the flakes or anneal the final heterostructure to align the crystal axes as other authors have done (37, 38) .
The hetrostructure had no h-BN step edges or segregated bubbles over or under the device area.
All patterns were defined by electron-beam lithography, using beams of 10 or 30 keV energy to expose the resist PMMA 950 A4 or A5 (MicroChem). The exposed pattern was developed by a chilled 1:3 mixture of water and isopropanol, in order to avoid swelling the resist which can lead to cracking or delamination from the h-BN surface (39) . The device geometry, which includes three narrow local contacts along a linear boundary for carrier reflections, was defined by direct reactive ion etching in a 150 mTorr plasma of CHF 3 /O 2 with flow rates 50 and 5 sccm, respectively. The local contacts were etched to a nominal width of 250 nm, and adjacent pairs were separated by lengths 2.5 and 6.3 µm. Ohmic contacts to the device as well as contact to the bilayer back gate were formed by electron-beam evaporation of Cr/Au electrodes onto the edge of graphene exposed by the etch, as in (36).
Miniband theory and semiclassical model
The miniband structure was calculated for a fully aligned (θ = 0) graphene/h-BN heterostructure by numerically diagonalizing the Hamiltonian (20, 28),
Here σ i are Pauli matrices, acting on Bloch states (φ AK , φ BK ) To numerically calculate the TEF spectra in Fig. 2C , we model the device shown in Fig.   1A as a wide graphene/h-BN strip with an emitter and two collectors placed along the lower boundary. We choose to orient the boundaries along the x-axis set by the direct lattice vectors of moiré pattern, but find that the main features in the TEF spectra are insensitive to this choice ( The relation between gate voltage and the Fermi level is V g = E F /e + en(E F )/C g where n(E F ) is the electron density and C g /e = 4 (moiré unit cell area)
is the measured geometric capacitance.
Supplementary Text 2.1 Determination of the miniband structure
We calculate the superlattice minibands of a fully aligned (misalignment angle θ = 0) graphene/h-BN heterostructure by numerically diagonalizing the Hamiltonian (20, 40) ,
Here each of these terms is characterized using parameters U ± i=0,1,3 , where +/− is used for the part of each term which is symmetric/antisymmetric under the in-plane spatial inversion symmetry.
In principle, each parameter U ± i takes an arbitrary value. However, two microscopic models, one based on the hopping between the graphene and h-BN lattices (19) , and the other on scattering of graphene electrons off quadrupole electric moments in the hBN layer (20) , predict
By using Eq. (S.3) we reduce the number of parameters used to describe the superlattice perturbation from six in Eq. (S.2) to two ( ± ) in Eq. (S.1). We treat ± as variable parameters, and establish their value with a fitting procedure using the experimentally measured TEF oscillation.
First we note that the gate voltages {V
c } at which TEF oscillations terminate (highlighted in Fig. 2B ), correspond to saddle points in the miniband structure. Then, we compute the miniband structure resulting from each choice of ( + , − ), and compare its prediction for the gate voltage ratios
against the experimentally observed values. Figures   S1A and B show the predicted gate voltage ratios 
More examples of calculated TEF spectra
The left panels of Importantly, the comparison of panels for various φ shows that the main features of the TEF spectra are independent of angle φ (the spectra will repeat after φ = 60
• ). In particular, the gate
c } at which the TEF oscillations in a given miniband terminate, are set by the energy of saddle points in the minibands, and do not depend on φ.
Influence of electron-electron scattering on the temperature dependence of the visibility of the TEF oscillations
To model the temperature dependent decay of the TEF oscillations, we calculate the spread of a bunch of non-equilibrium electrons as they propagate from the collector to the emitter using a Boltzmann transport equation. We take an initial electron distribution, injected at time t = 0, with wavevectors concentrated in a small range of angles, to mimic the focused electrons near the caustic trajectory. After this, the role of the magnetic field is non-essential to our model, as we shall consider the spread of the electron distribution in the direction transverse to the cyclotron path (below described by coordinate y), while the overall propagation of its center of mass displaces along the segment of a cyclotron semicircle to x = vt. Also, we neglect the moiré perturbation, which formally limits this calculation to Fermi energies within about half the band width of the first miniband (densities corresponding to C1 and V1 in the measurements).
Then, the Boltzmann transport equation reads (44, 45) ,
. y,
are the chirality factors (43), W = πv 2k F (where k F is the Fermi wavevector) is equivalent to the contact electron-electron potential V ( r 1 − r 2 ) = W δ( r 1 − r 2 ), and we have taken into account spin-valley degeneracy.
To evaluate I{f ( k 1 )} in Eq. (S.4) we approximate,
where ∆k i = k F − k i , the Boltzmann constant is k B , and δµ(θ i ) k B T is a small, angle dependent, shift in the chemical potential attributed to electrons with momenta orientated along
Also, by momentum conservation,
so that possible choices of θ 2 and θ 3 which satisfy ∆k 4 /k F 1 are divided into the three cases displayed in Fig. S3 : times lower than that generated by process (i) (46) , which will be studied below (m is the index of the angular harmonic).
By concentrating on process (i), our focused non-equilibrium electron distribution will typically decay by producing a beam of holes propagating in the opposite direction. As the holes separate quickly from the electron bunch, their effect on the decay of the electron distribution can be neglected. Hence we use δµ(θ 2 ) = δµ(θ 4 ) = 0 which reduces Eq. (S.4) to,
) .
Next, we expand δµ(θ) in terms of its angular harmonics, f (m), and definedθ 3 = θ 3 − θ 1 , andθ 2 = θ 2 − θ 1 .
For process (i),θ 2 = π + ∆θ 2 and the energy conserving delta function can be expressed as,
which simplifies the integration overθ 2 and leads to, In Fig. S4 we display the factors in the integrand of Eq. (S.9) for various temperatures.
When T T * , where
